can excrete urine hypertonic to the blood, via a countercurrent multiplier and exchange system that creates a progressive increase in osmotic concentrations from the medulla to the papilla (1, 6 ). This mechanism is important to hibernators. However, the literature regarding renal excretion is generally inadequate and conflicting for a comprehensive interpretation of the role of the kidney during hibernation (3, 15). Hong (5) concluded that the rates of urine flow, renal blood flow, and glomerular filtration were greatly reduced. He pooled data from four normally torpid ground squirrels and eight artificially cooled controls, and made no distinction between the two groups. Yet, he determined that the reduced rate of urine flow was far below that which must be voided during hibernation to maintain osmotic equilibrium (3). Acutal kidney function of a torpid or arousing hibernator remains unknown.
The literature has shown that torpid ground squirrels, Citellus colum bianus (8) and Citellus lateralis (9), arouse every 7 to 14 days, urinate, and then reenter torpor. Therefore, the present study was undertaken to elucidate the role of the kidney of a typical facultative hypotherm during torpor, arousal, and homeothermy. respectively, and the kidneys were removed as described below. All three procedures following death took less than 4 min.
Tissue-Slice Analysis
The kidneys were sliced with a sharp razor blade (Fig.  1, A and B) . The midsagittal sections were immediately frozen and stored in Dry Ice and acetone along with a piece of abdominal muscle. When needed, these sections were carefully removed from storage and sliced frozen into six divisions as follows ( water (triple-distilled) were placed in each tube, except in the tube that was to receive the papilla, which received 100 ~1 because of the small size of the papillary tissue The microtest tubes were reweighed and each frozen kidney slice was placed into a microtest tube. The test tubes were placed into boiling water for 5-10 min to destroy the tissue enzymes. The test tubes were cooled at 5 C for 24 hr to permit diffusion of the electrolytes and urea, and then were stored at -20 C until analyzed.
A dilution factor to correct for the added water was determined accordingly : dilution factor = wt of tissue water + dilucnt wt of tissue water
The tissue water was estimated to be 80.0 % of the total tissue weight ( 10). 
Analysis of Solutes

RESULTS
Renal Tissue Slices
Urea concentrations. The kidneys of the torpid and arousing squirrels that formed no urine had little or no urea gradients extending from the corticorncdullary boundary to the inner medullary zone (122 or tip of the papilla).
In contrast, the dehydrated homeotherrns and arousing urine formers had pronounced urea gradients (Fig. 2, A and B). The urea gradients of the torpid squirrels were significantly lower (P < 0.025) than the urea gradients of the dehydrated homeotherms, but did not differ significantly from those of the arousing nonurine farmers (P > 0.05). Also, the urea gradients of arousing nonurine formcrs were significantly lower than those of the arousing urine farmers (P < 0.001).
The tubular tissue fluid-to-plasma ratio of urea (TF/P), determined for all zones, indicated pronounced TF/P gradients in the dehydrated homeotherms and arousing urine formers, but little or none in the torpid squirrels and arousing nonurine formers (Table  1) . Mean urea gradients in the right and left kidneys of each group did not differ significantly in all four groups (P > 0.05).
A two-factor analysis of variance indicated that the papillary tissue fluid-to-plasma ratio of urea concentrations (IZZTF/P) of the right and left kidneys of each arousing urine former did not differ significantly (P > 0.05; F = .077) between each kidney, whereas this ratio differed significantly between arousing squirrels (P < 0.05; 1; = 7.81) (Fig. 5) .
Squirrel II, sacrificed as it was reentering torpor at 21 C, had pronounced urea gradients (Table  1) . Sodium concentrations. The kidneys of torpid squirrels and arousing nonurine formers also had little or no sodium gradients, whereas the dehydrated homeotherms, arousing urine formers, and squirrel II had pronounced renal sodium gradients (Fig. 3, A and B, and Table  1 ). The sodium gradients of kidneys of the dehydrated homeotherms were significantly higher (P < 0.05) than the sodium gradients of the torpid squirrels. Furthermore, the sodium gradients of kidney of the arousing urine formers were significantly higher (P < 0.025) than the sodium gradients of kidneys of the arousing nonurine formers. Mean sodium gradients for the right and left kidneys of each group did not differ significantly (P > 0.05) in all four groups.
The tubular tissue fluid-to-abdominal muscle ratios of sodium (TF/M) 1 a so indicates, similar to the TF/P ratios of urea, that there were distinct sodium gradients in the dehydrated homeotherms and arousing urine farmers, but little or none in the torpid squirrels and arousing nonurine farmers (Table 1) . Urine LTrea concentrations. The mean bladder urine-to-plasma ratio (Ub/P) f o urea averages slightly, but not significantly, lower in torpid squirrels (bladder urine collected at sacrifice) than in the active dehydrated squirrels.
In contrast, the mean catheter urine-to-plasma ratio (UC/P) of urea of arousing urine farmers was significantly lower than that of either torpid or dehydrated homcothermic squirrels (P < 0.05) ( Table 2) .
The urea concentrations in the terminal catheter urine samples for all five arousing urine formcrs were consistently lower than their rcspcctive papillary urea concentrations (Fig. 5) . However, the urea concentrations in the urine of active dehydrated squirrels was always more concentrated than in the papillary tissue fluid (Table 2) . Therefore, the papillary tissue fluid-to-urine ratio (122TF/Uc) of arousing urine formers was always greater than unity, whereas this ratio (122TF/Ub) was always less than unity in dehydrated homeotherms ( Table 2 ). The urea concentration in the bladder urine of squirrel I1 was in the range of the torpid and dehydrated squirrels ( Table 2) .
The two arousing nonurinc formcrs possessed terminal bladder urine urea concentrations in the range of the torpid and dehydrated squirrels (Table 2) . The arousing urine formers were sacrificed either at 15 or 40 min after urine first appeared in the ureteral catheter (Table 3) .
Arousing urine formers, squirrels 16, 17, and 25, sacrificed at 40 min, increased the concentration of urea in the urine. However, the terminal UC/P ratio of urea for squirrel 16 more than doubled that for squirrel 25 (Table  2 ). In addition, squirrel 15, sacrificed at 15 min, had UC/P ratios greater than those found in squirrels 16, 17, 2.5, and 26, which were sacrificed at 40 min after the first observation of urine flow.
Sodium concentrations. The mean sodium concentrations from the terminal bladder urine of torpid squirrels averaged 37 mEq/liter, and the mean sodium concentrations from the bladder of dehydrated squirrels was slightly higher, 44 mEq/liter (Table  2) ; and varied considerably among squirrels. The sodium concentrations in the catheter urine samples of arousing squirrels progressively increased. However, in many cases, insufficient urine was collected to determine sodium concentrations. Potassium concentrations. The concentrations of potassium in the urine of torpid squirrels and arousing urine formers were not determined because insufficient urine was collected. The urine potassium concentrations of the dehydrated squirrels varied considerably and averaged 232 mEq/liter.
The bladder urine potassium of two arousing nonurine formers averaged 266 mEq/liter.
Plasma
Urea concentrations. The mean plasma urea levels of torpid, dehydrated, and arousing urine formers did not differ significantly ranging from 8.0 mM to 9.4 mM. However, the torpid squirrels had a larger range of plasma urea concentrations than either dehydrated or arousing squirrels (Fig. 6) . The plasma urea concentrations of the two arousing nonurine farmers averaged 11.4 mM. Sodium concentrations. The mean sodium concentration in the plasma of hibernators did not differ significantly from that of both the arousing urine formers and the dehydrated squirrels. However, the mean plasma sodium concentrations of arousing urine formers was significantly lower (P < 0.05) than that of dehydrated squirrels (Fig. 6) . (Fig. 6 ). dehydrated only 9 hr, yet had a urine osmolality of 2,800 mOsm/liter.
Ammonia Concentrations
Time vs. Temperature
The mean rectal temperature of torpid squirrels when removed from the hibernating chamber ranged from 4.5 to 12.0 C. The mean rectal temperature of the dehydrated squirrels averaged 36.7 C.
Rectal temperatures of the two arousing nonurine formers, sacrificed 70 and 152 min after the initiation of the arousal process, reached 21 and 33 C, respectively, yet they still did not pass urine through the right ureteral catheter (Table 3) .
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Four arousing urine formers started passing urine through the ureteral catheter 75 to 135 min after the onset of arousal at rectal temperatures ranging from 23 to 31 C. Squirrel 26 was removed from the hibernating chamber and placed immediately on an ice pack for 0.5 hr. This squirrel started to pass urine 175 min after removal, at a rectal temperature of 29 C (Table 3) . This study shows that torpid ground squirrels, sacrificed immediately on removal from the hibernaculum, possess no concentration gradients of the solutes, urea, sodium, and potassium, from the inner corticomedullary boundary to the tip of the papilla. This evidence supports the assumption that urine flow is greatly reduced because a lack of glomerular filtration would cause osmolarity to equilibrate between renal interstitial fluid and blood plasma as pointed out by Schmidt-Nielsen (10). Since no renal medullary gradient of solutes existed in the kidneys of torpid squirrels, any urine formed during torpor would be isotonic to the blood plasma. However, the urea concentration obtained from urinary bladders of torpid squirrels was similar or slightly lower than that obtained from bladders of dehydrated homeothermic squirrels (8, 13). In addition, the osmotic concentration of bladder urine of torpid squirrels was similar to that of bladder urine of dehydrated homeotherms (8). Therefore, the hypertonic residual bladder urine collected in torpid ground squirrels, also indicated by data from squirrel 11, probably was formed after the original micturition and as the active squirrel reentered torpor.
This study shows conclusively that urine forms during the arousal process. However, the time interval that elapsed from the onset of arousal to the first observation of urine flow varied considerably in each arousing squirrel. The rectal temperatures also varied but this may be of little significance because Lyman and O'Brien (7) have shown that temperature of the heart may be much higher than the rectal temperature during arousal. The same may be true for the kidney temperature.
It should also be pointed out that the ambient temperature is low during natural arousal, whereas, in our experiment, the ambient temperature was approximately 25-26 C. Lyman and O'Brien (7) reported that the systolic blood pressure is adequate before the squirrel is completely aroused for glomerular filtration to occur during arousal. Four arousing squirrels (rectal temperatures ranging from 23 to 3 1 C) formed urine 90-l 35 min after the onset of arousal with distinct renal sodium and urea gradients. Squirrel 16, kept artificially cool during arousal, prolonged urine formation to 175 min. However, two arousing squirrels (rectal temperatures of 21 and 33 C, respectively) did not possess renal solute (medullary) gradients and never passed urine, presumably because the blood pressure in the affercnt arterioles was cithcr still too low for glomerular filtration and/or the glomeruli were insufficiently impermeable to filter. It is possible that the four urine farmers produced urine because of the abnormally high ambient temperature and the two nonurine formers responded normally despite the high ambient temperature.
The arousing ground squirrels restored their medullary urea and sodium gradients at very different rates. Arousing squirrel 1.5 sacrificed 15 rnin after the onset of urine flow produced a more hypertonic urine with a higher IZZTF/P ratio of urea than did arousing squit-rels 17, 2.5, and 26, which were sacrificed at 40 min. Furthermore, the UC/P ratio of urea of squirrel 16 was double that of squirrel 2.5 even though both were sacrificed at 40 min. The rate at which the solute gradient rebuilds may depend on the duration of deep torpor prior to arousal and/or the extent of dehydration of the squirrel and/or the temperature of the kidney during arousal.
Urea and sodium concentrations progressively increase in the urine as the squirrel arouses. Also, the IZZTF/Uc ratios of urea of arousers were greater than unity, whereas this ratio was consistently less than unity in dehydrated homeotherms, indicating that the arousing squirrels can reabsorb and, possibly, regulate urea at the renal tubular level more efficiently than can active dehydrated squirrels. GFR slowly increases during arousal and more urea would diffuse rapidly into the renal interstitium to be trapped by the renal medulla, thereby enhancing water conservation. Further-
